INTRODUCTION
More than three decades ago, the Rat Sarcoma Virus (RAS) genes were first described and identified as key players in tumorigenesis. Harvey-, Kirsten-and neuroblastoma-RAS (HRAS, KRAS, and NRAS) encode for the three highly homologous members of the mammalian RAS subfamily of small monomeric GTPases. 1 These membrane-bound proteins bind to guanine nucleotides and function as molecular switches by cycling between the active, GTP-bound state and inactive, GDP-bound state, and control processes ranging from cell growth and differentiation to cell survival and energetic metabolism. 1, 2 RAS genes are frequently altered in malignancies. While changes in individual RAS genes have different prevalence in the diverse human cancers, their oncogenic variants almost invariably affect codons 12, 13, and 61, leading to constitutive activation of the transducer and upregulation of downstream signalling pathways. 3 Germline alterations in RAS genes and genes encoding for proteins controlling RAS 1 function or participating in the mitogen-activated protein kinase (MAPK) pathway, a major signalling cascade activated by RAS proteins, have been implicated in a group of developmental disorders. These disorders are collectively called 'RASopathies' based on their common pathogenetic mechanism and broadly overlapping phenotypic features. 4, 5 Noonan syndrome (NS, OMIM 163950), the most common RASopathy, is characterized by distinctive craniofacial features, heart defects, short stature, and variable developmental delay. Furthermore, feeding difficulties, cryptorchidism in males, easy bruising, lymphatic dysplasia, ectodermal anomalies, chest deformities, and other skeletal abnormalities are also frequently associated. Intellectual abilities range from normal to mild impairment. 6 To date, germline variants in more than ten genes have been causally linked to NS and clinically related phenotypes. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Cardiofaciocutaneous syndrome (CFCS, OMIM 115150) and Costello syndrome (CS, OMIM 218040) are rarer RASopathies. Both disorders are genetically distinct from NS, and are characterized by a more severe health impact such as more pronounced developmental and intellectual deficits. 5, 17 Ectodermal involvement (for example, hyperkeratotic skin and thin sparse hair) is generally more florid in CFCS, 18 while dermal features (loose skin with deep palmar creases and cutaneous papilloma) and coarse facial appearance are distinctive of CS, which also exhibit an increased risk of neoplasia, both benign and malignant. 19, 20 RASopathy-associated germline variants in the HRAS, KRAS, and NRAS genes are relatively rare. Specific alterations in HRAS cause CS, while changes in KRAS are associated with a variable phenotype and account for~2-3% of cases with NS and 3-5% of cases with CFCS. 21 In 2010, heterozygous germline variants in NRAS were identified as a rare cause of NS. 22 A total number of 18 patients from twelve unrelated families have been reported, to date. [22] [23] [24] [25] [26] [27] Similar to what had been observed for RASopathy-associated germline alterations in KRAS, the reported NRAS alterations causing NS do not affect the oncogenic hotspots and appear to be functional hypomorphs compared to the cancer-associated somatic variants. 22, 23, 25 In contrast, changes in HRAS causing CS typically occur at two well-known oncogenic hotspots (that is, Gly12, Gly13), which has been postulated to explain the high incidence of tumours in patients with this disorder. 28 Individuals with NS have a slightly increased risk to develop neoplasias, depending on the specific gene variant. Recurrently observed NS-associated neoplasias include juvenile myelomonocytic leukemic (JMML), giant cell lesions of the jaws, rhabdomyosarcoma and brain tumours. 4, 21, 29, 30 JMML, a severe myeloproliferative disorder of infancy, is particularly associated with a dysregulated RAS-MAPK pathway, with somatic changes in PTPN11, KRAS and NRAS, and loss of Neurofibromin function accounting for a majority of cases. 31 Somatic PTPN11, KRAS, and NRAS variants found in JMML are assumed to have a stronger impact on cellular physiology, which implies their incompatibility with life, if these variants occur in germline. 5 Interestingly, there is one report about an individual with a germline c.38G4A (p.(Gly13Asp)) variant in NRAS and a clinical diagnosis of JMML. 32 Herein we report 19 novel patients with disease-causing germline NRAS variants from 13 unrelated families, further expanding the RASopathy-associated spectrum of germline NRAS alterations and providing a more complete picture of their associated clinical spectrum.
MATERIALS AND METHODS

Subjects and phenotyping
Patients with a clinical diagnosis of a RASopathy who were found to carry a disease-causing variant in the NRAS gene and who have not been reported previously were eligible for this study. We included a total 19 affected individuals, thereof nine sporadic cases (patients 1, 2, 6, 7, 8, 9, 11, 12, and 13; see Table 1 ) and four familial cases (cases 3, 4, 5, and 10; see Table 1 ) with in total 10 affected individuals. Patients were clinically assessed by experienced clinical geneticists. All patients described here had molecular confirmation in a diagnostic setting, except for the clinically affected family member 5-3, who declined genetic testing. The standardized patient data were collected via the NSEuroNet database (www.nseuronet.com) and entered by the referring clinician. This database uses a comprehensive online questionnaire to facilitate the collection and improve the standardization of clinical information. Furthermore, all variants reported in this study were entered into the Leiden Open Variation Database (www.LOVD.nl/NRAS; patient IDs 00100620, 00100623-00100639).
The clinical data and samples for genetic testing were obtained from all individuals with informed consent of the patients' parents/legal guardians or the patients themselves, and all studies were performed in accordance with the Declaration of Helsinki and the national legal regulations. Specific written permission was obtained for the use clinical photographs for publication in this report.
Molecular analysis
NRAS (LRG_92, identical to NM_002524.3) variants were identified by routine genetic testing of the known RASopathy genes using Sanger sequencing or targeted resequencing as well as whole-exome sequencing (WES) (Patients 10-1, 10-2, 11, and 12) of DNA extracted from venous blood samples, except for case 2, which was diagnosed prenatally on DNA extracted from CVS. Where available, DNA samples from parents and additional affected family members were investigated for the variants discovered in the index case in order to demonstrate the de novo occurrence of the variant or co-segregation with the RASopathy phenotype (see Table 1 ). In selected cases, DNA samples from various tissue sources were examined in addition to leukocyte DNA to prove that the variant was not a clonal event in hematopoietic cells. These sources included buccal cells and finger nails in patient 1, urine and saliva in patient 8, finger nails in patient 12, and fibroblasts in patient 13.
Functional characterization of the NS-causing NRAS Thr58Ile variant
The missense changes resulting in the p.Thr58Ile (c.173C4T) and p.Gly12Val (c.35G4T) amino acid substitutions were introduced by site-directed mutagenesis in an N-terminal FLAG-tagged human NRAS cDNA cloned in pFLAG-CMV vector.
HEK293T cells were cultured in Dulbecco's modified Eagle's medium (EuroClone, Milan, Italy) supplemented with 10% heat-inactivated FBS (EuroClone). Cells were transfected at 70-80% confluence with each NRAS construct, using Fugene6 transfection reagent (Promega, Madison, WI, USA). Twelve hours after transfection, cells were serum-starved for 18 h, and stimulated with EGF (30 ng/ml, Invitrogen, Carlsbad, CA, USA) for 5 min or left unstimulated.
ERK and AKT activation status was assessed by immunoblotting with antiphospho-p44/42 ERK (p.Thr202/p.Tyr204) and anti p-AKT (p.Ser473) antibodies (Cell Signaling, Danvers, MA, USA). Membranes were then stripped and reprobed with anti-p44/42 (ERK) and anti-AKT antibodies (Cell Signaling) for protein normalization. To evaluate FLAG-NRAS and β-tubulin protein levels, 10 ng of total lysates were immunoblotted with anti-FLAG and anti-β-tubulin (Sigma Aldrich, St Louis, MO, USA) antibodies.
For GTP-bound Ras pull-down assays, HEK293T cells were transfected with each NRAS expression plasmids or left untransfected. 12 h after transfection, cells were serum-starved for 18 h and collected in ice-cold Mg 2+ lysis/wash buffer (Millipore, Temecula, CA, USA), supplemented with protease inhibitor cocktail (Sigma Aldrich). Lysates were centrifuged at 4°C, and each supernatant containing 500 μg of proteins was incubated with 10 μl of RAF1 Ras-binding domain-conjugated agarose beads (Millipore), rotated at 4°C for 30 min, washed three times with lysis/wash buffer, boiled for 5 min in Laemmli buffer NRAS germline variants F Altmüller et al Table 1 Clinical features ofs patients with
NRAS variants
Patient ID 
p.
p. WH, wooly hair; y, year(s). NRAS variants are described in the three-letter code according to the isoform NP_002515.1.
under reducing conditions, and separated by SDS/PAGE. To evaluate the activation level of NRAS proteins the membrane was probed with an anti-FLAG antibody. The same antibody was used on aliquots of corresponding cell lysates to normalize experiments. All images and tables presented here were prepared using Adobe Illustrator CS6, Adobe Photoshop CS6 and Microsoft Office 2010.
RESULTS
Spectrum of NRAS variants
We identified a total of 19 affected individuals from 13 unrelated families with disease-causing variants in NRAS. In nine sporadic cases, de novo occurrence of the variant was proven by testing of parental DNA, if available. In four instances of familial NS, the respective NRAS substitution was demonstrated to co-segregate with the phenotype. In total, nine different heterozygous NRAS variants were identified. All changes affected highly conserved residues (Figure 1 
Functional characterization of the NS-causing NRAS Thr58Ile variant
The c.173C4T (p.(Thr58Ile)) variant was inherited from the apparently unaffected father, who showed mosaicism for the substitution. While the same amino acid substitution in KRAS has been demonstrated to perturb protein function and upregulate signal flow through the MAPK cascade, 33, 34 no sign suggestive of RASopathy was documented in the proband's father. Consequently, the impact of this variant on NRAS function and ERK and AKT signalling was assessed in transiently transfected HEK293T cells to further validate the causative role of the variant. As expected, overexpression of the wild-type protein resulted in enhanced ERK and AKT phosphorylation following EGF stimulation (Figure 2a) . By contrast, ectopic expression of either NRAS Thr58Ile or NRAS Gly12Val promoted enhanced activation of ERK and AKT, even in absence of stimulation (Figure 2a) . Consistent with these data, higher level of NRAS Thr58Ile in its GTPbound, active form was observed, which was however lower compared to the NRAS Gly12Val protein (Figure 2b ). Overall, these data support the pathogenetic role of the c.173C4T (p.(Thr58Ile)) substitution.
Clinical presentation of patients with NRAS alterations Our cohort of individuals with heterozygous RASopathy-associated NRAS variants consisted of nine males and ten females with a median age of 7.1 years (range: 3 months to 50 years). The majority (15 patients) had a clinical diagnosis of NS. However, in two patients the proposed diagnosis based on clinical assessment was CFCS, and in one patient aged 1 year CS was initially suspected (see patient 12 below). One case was a prenatal diagnosis where genetic testing for a RASopathy was performed because of a large hygroma colli. The clinical data are summarized in Table 1 . All assessed subjects had craniofacial features that were classified as typical or suggestive for a RASopathy. Short and broad or webbed neck was found in 94%, and ocular ptosis in 82% of the cases. Ten out of 17 patients (59%) had cardiac anomalies with hypertrophic cardiomyopathy (HCM) being present in 35% of the cases. Of note, septal defects and pulmonary stenosis (PST) were reported only in a minority of our cohort (12 and 6%, respectively). Similarly, short stature was present in only 4 out of 15 cases (27%). Motor delay and intellectual or learning disabilities were recorded in 38 and 42% of patients, respectively. Learning disabilities, if present, were of mild degree except for patient 7 who had severe global developmental delay (discussed below). In addition, the majority of patients had prenatal abnormalities (69%) with polyhydramnios being reported in 46% of the cases. Nuchal oedema and fetal chylothorax/hydrops as prenatal abnormalities were seen in 15 and 23%, respectively. Cryptorchidism occurred in 63% of affected males. Bleeding diathesis was reported in 3 out of 15 individuals, but only one patient had a confirmed coagulopathy (von Willebrand disease, patient 8). Neoplasias were observed in two individuals: one patient had a JMML-like myeloproliferative disorder (patient 13) and another patient had a brain tumour of unclear aetiology (patient 12). Selected patients are presented in more detail in the following.
Patient 1-(c.34G4A, p.(Gly12Ser)) presented with typical physical signs of NS: facial anomalies (Figure 3) , left ventricular hypertrophy, atrial and ventricular septal defects (corrected by surgery), a persistent ductus arteriosus, and short stature. She exhibited marked muscular hypotonia in infancy. Her development was mildly delayed; she was able to walk freely with 2.3 years and spoke 2-3 word sentences at the age of 2.5 years. Her language skills at last evaluation at the age of 5.5 years were classified as normal for age. Intellectual development was also tested normal for age, but deficits were noted in spatial performance and attention. She had regular follow-up in the paediatric haemato-oncology during infancy, and had no signs of myeloproliferative disorder. The heterozygous NRAS variant was found in leukocyte DNA, confirmed in DNA from buccal mucosal epithelial cells and finger nail keratinocytes, and was absent in the parents (Supplementary Figure S1) .
Patient 2-(c.35G4T, p.(Gly12Val)) was a fetus with a suspected RASopathy based on the finding of a very large cystic nuchal hygroma (14.3 mm) at 12 weeks of gestation. Progressive hydrops foetalis developed, eventually leading to intrauterine death at 22 weeks of gestation. No autopsy data were available but hydropic appearance of the fetus was reported. No heart defect could be detected. Fetal karyotyping was performed on a CVS sample and resulted in a normal male karyotype. The heterozygous NRAS variant was demonstrated in DNA from cultured chorionic villus fibroblasts. Parents were negative for the variant.
Patient 5-2-(c.179G4A, p.(Gly60Glu)) is an affected child of a three generation family with obvious features of NS in her father and grandfather. She died on the first day of life from severe hydrops. Postmortem MRI revealed bilateral pleural effusions, a small pericardial effusion and left ventricular hypertrophy.
Patient 7-(c.112-1_113dupGGA, p.(Glu37dup)) came to medical attention because of developmental issues and an atrial septal defect. She had a prenatal history of fetal nuchal oedema, polyhydramnios, an intracerebral arachnoid cyst, and bilateral hydronephrosis detected by antenatal ultrasound. Subcutaneous oedema was noted at birth. She required gavage feeding due to severe failure to thrive. In addition, she developed epilepsy and a sleep disorder. She had duplex collecting system and recurrent urinary tract infections due to ureteroceles requiring surgical treatment. An MRI in the newborn period revealed thinning of the cortex with white matter changes, consistent with hypoxic ischemic encephalopathy. At the age of 2 years and 5 months, her stature was below third centile (−2.69 SD) and she had a short webbed neck, shield chest, wide-spaced nipples, while facial anomalies were less typical ( Figure 3) . She was suspected to have CFCS because of her severe developmental delay, hypotonia and ectodermal abnormalities. She continued to demonstrate head lag at age 4 years old and unsupported sitting was not possible. Other features included microcephaly (43 cm at 2y5 m (−3.27 SD)), ocular abnormalities, including nystagmus and strabismus, hearing deficits and haemangioma. The NRAS variant was detected in leukocyte DNA. Additionally, she was identified to harbour a 1.24 Mb gain from chromosome 22q11.23 detected by array CGH analysis (arr[GRCh38] 22q11.23 (23408742_24595702)x3). This duplication was considered to have an impact on phenotypic complexity and modification of the RASopathy phenotype, specifically the severity of neurodevelopmental issues. Neither genetic abnormality was detected in the mother, but the father was unavailable for testing. Because of the complex phenotype and its probable modification by the 22q11.23 duplication and hypoxic ischemic encephalopathy this patient was excluded from the aggregate clinical tables and statistics.
Patient 8-(c.173C4T, p.(Thr58Ile)) presented with suggestive facial features of NS, ocular ptosis, strabismus, and pectus excavatum, but without cardiac anomalies and short stature. She displayed Figure 2 Functional characterization of the NS-causing NRAS Thr58Ile variant: (a) ERK1/2 and AKT phosphorylation assays. HEK293T cells were transfected with the indicated FLAG-tagged NRAS construct. Following starvation (18 h) and EGF stimulation (30 ng/ml, 5 min), ERK (anti p-ERK1/2) and AKT (anti p-AKT) phosphorylation levels were evaluated. Normalization for transfection efficiency and total protein amount was determined by the use of anti-β-tubulin and anti-FLAG antibodies, respectively. Representative blots of three performed experiments are shown. (b) Determination of basal GTP-bound NRAS level in 293 T cells transiently expressing wild-type or mutant FLAG-tagged NRAS. Normalization was determined by using an anti-FLAG antibody on aliquots of the corresponding cell lysates. Assays were performed in serum-free condition. A representative blot of three performed experiments is shown. NRAS germline variants F Altmüller et al muscular hypotonia and mild motor delay. The germline origin of the NRAS variant was supported by its identification in DNA from urine, saliva, and peripheral blood. The patient´s father was found to have a mosaicism for the variant in his peripheral blood (Supplementary Figure S1) .
Patient 11-(c.149C4T, p.(Thr50Ile)) presented with typical facial features of a RASopathy, and mitral valve prolapse. At age 11, her height was in the low normal range (−1.47 SD). The suspected clinical diagnosis was CFCS because of typical facial features with substantial supraorbital hypoplasia and prominent ectodermal findings (curly hair, sparse eyebrows, keratosis pilaris, facial keratosis and multiple nevi), while her motor and intellectual development was only mildly delayed (IQ 65). Her perinatal history was characterized by multiple complications that may have contributed to her developmental problems. She had perinatal asphyxia (Apgar scores 2/5/7) and required mechanical ventilation for 17 days. Also, she developed sepsis and portal vein thrombosis after umbilical vein catheter. She was discharged from the hospital at 45 days of life. Brain MRI at 4 months of age revealed non-obstructive hydrocephalus requiring ventriculoperitoneal shunting at 6 months. The NRAS variant was demonstrated in leukocyte DNA.
Patient 12-(c.34G4C, p.(Gly12Arg)) had a RASopathy-typical facial phenotype, short webbed neck, macrocephaly, and HCM. She was born at 36 weeks of gestation after a pregnancy complicated by polyhydramnios. Birth weight was increased at 4,145 g. The postnatal period was complicated by prolonged hyperinsulinemic hypoglycemia, severe feeding difficulties, including oral aversion and respiratory difficulties due to upper airway collapse. She was treated with a percutaneous gastrostomy and a tracheostomy with continuous positive airway pressure ventilation. A brain MRI at 8 months of age revealed an expansive lesion of 0.8x0.7x0.6 cm in the hypothalamus proposed to represent a hamartoma or lipoma (Supplementary Figure S2) . Her EEG was normal, and she has been followed by a clinical neurologist. Her early motor development was delayed (unsupported sitting at age 10 months). She had sparse, thin hair, full lips, deep palmar and plantar creases, several small nevi and one café-au-lait spot. On the basis of the clinical findings, CS was suggested, but no HRAS change was found. The heterozygous NRAS variant was detected by WES. It was confirmed in DNA obtained from finger nail keratinocytes by Sanger sequencing, and was not found in DNA samples from both parents. On follow-up by the age of 1 year and 9 months her initial problems improved. The tracheostomy could be removed at 1 year and 8 months. She was able to make up for her motor delay and started walking at 1 year and 5 months. Neither surgery nor biopsy have been performed so far for her hypothalamic tumour because of the absence of any endocrinological or specific neurological deficits attributable to this lesion.
Patient 13-(c.35G4A, p. (Gly12Asp)) is a male born after an uneventful pregnancy except for mild fetal pyelocalyceal dilatation (7 mm) of the left kidney detected on ultrasound scans. Birth weight at term was 4060 g, body length 51 cm, and head circumference 37.5 cm. He had no feeding problems and no lymphatic anomalies. A few café-au-lait spots were noted on neonatal examination, and he was therefore followed up because of a suspected diagnosis of neurofibromatosis. At the age of 3 months, a blood cell count showed leucocytosis with 3% blast cells on a peripheral blood smear, mild anemia and thrombocytopenia. On examination, he showed four café-au-lait spots over 0.5 cm diameter and three melanocytic nevi on lower limbs and buttocks, macrocephaly with suggestive facial features of NS (Figure 3 ), short neck but no thorax deformities, hepatosplenomegaly (4 and 3 cm, respectively), normal male genitalia with descended testes, and normal hands and feet. Bone marrow biopsy showed findings consistent with a myeloproliferative disorder. A brain MRI showed subdural fluid accumulations but no brain structural anomalies. Cardiological examination and echocardiography were normal. The heterozygous NRAS variant was identified in leukocyte DNA and later confirmed in DNA extracted from skin fibroblasts, but was absent in both parents. Although he met clinical and analytical/ cytological criteria for the diagnosis of JMML, in view of the stability of the blood cell counts and absence of complications it was decided not to start treatment and follow him up closely. Until the age of 11 months, this child has remained stable haematologically, without proliferative phenomena or infectious complications. He was not short in stature, and his motor development was still within the normal range. A detailed developmental assessment was not possible yet due to his young age.
DISCUSSION
We describe 19 new patients with a RASopathy due to germline NRAS variants. The size of this cohort exceeds the total number of previously reported patients harbouring disease-causing germline variants in NRAS. [22] [23] [24] [25] [26] [27] We report de novo as well as familial occurrence of the already known changes c.71T4A (p. (Ile24Asn) ), c.149C4T (p.(Thr50Ile)), and c.179G4A (p.(Gly60Glu)), confirming these codons to be hotspots for RASopathy-associated germline changes in NRAS. In addition, we identified six novel alterations, affecting residues Gly12, Glu37, and Thr58 to cause a RASopathy phenotype.
The assumption that the novel sequence variants, c.34G4C, 35G4A, 34G4A, c.35G4T (p.(Gly12Arg/Asp/Ser/Val) respectively), c.112-1_113dupGGA (p.(Glu37dup)), and c.173C4T (p.(Thr58Ile)), indeed represent disease-causing changes is supported by several lines of evidence: All amino acid substitutions affect highly conserved residues of NRAS, and they are located at or near known hotspots for somatic or disease-causing germline NRAS variants, respectively (Figure 1) . Additionally, all novel NRAS changes described here have previously been reported as disease-causing variants in the other RAS genes KRAS and/or HRAS, and the activating effects have been shown in functional studies (present data and ref 22, [33] [34] [35] [36] [37] [38] [39] .
Missense changes affecting p.Gly12 in NRAS or other RAS proteins are among the most common somatic changes in cancer, and result in impaired GTPase activity and GAP resistance, leading to constitutive activation. 33, 34, 39 While for position p.Glu37 in NRAS neither somatic nor germline variants had previously been described, the same duplication p.(Glu37dup) in HRAS has been reported in a case of CS. 38 HRAS Glu37dup was shown to predominate in the active GTPbound state due to lower intrinsic GTPase activity and complete resistance to GAP, but its impact on signal flux through the MAPK and PI3K-AKT cascades was found to be milder compared to HRAS G12V , because of reduced binding affinities for effector proteins. 38 Sequence changes resulting in a p.(Thr58Ile) missense variant have been described eight times in HRAS as a cause of CS and six times in KRAS mainly associated with NS (www.nseuronet.com). Additionally, this particular alteration has occasionally been observed in RAS isoforms as a somatic variant in various types of malignancy (COSMIC, Forbes, et al. 40 ). Previous functional characterization of the KRAS Thr58Ile variant provided evidence for a mild overactivated behavior of the GTPase and enhanced activation of downstream effectors. 33, 34 Here we demonstrated that the same amino acid change in NRAS underlies NS and has similar gain-of-function effects, promoting a shift towards the constitutively activated GTP-bound conformation, and enhanced ERK and AKT activation basally, even though with a lesser extent compared to the oncogenic NRAS Gly12Val variant (Figure 2) . The four novel RASopathy-associated NRAS changes affecting Gly12 represent well-known oncogenic changes that occur with decreasing prevalence (p.Gly12Asp4p.Gly12Ser4p.Gly12-Val4p.Gly12Arg) as somatic alterations in various tumours, particularly in hematopoietic and lymphoid malignancies (COSMIC database, Forbes, et al. 40 ). The previously reported spectrum of NRAS RASopathy-associated germline variants appeared to spare the classical oncogenic hotspots Gly12, Gly13, and Gln61, suggesting that the occurrence of oncogenic NRAS alterations in the germline might lead to embryonic lethality. 22 This is therefore the first report to show that apparent non-mosaic germline changes in NRAS affecting one of these hotspots for oncogenic variants may be compatible with life and lead to a clearly recognizable RASopathy phenotype. An overlap of the spectrum of germline variants with those hotspots for oncogenic changes has very rarely been observed for KRAS variants causing CFCS, 10 while it is regularly observed for HRAS variants leading to CS. This has been correlated with the significantly increased tumour risk in this particular type of RASopathy. Consistently, one of the present subjects carrying a missense change at codon 12 had a tumour-like lesion in the hypothalamus, the precise nature of which was not delineated by the time of this report (Supplementary Figure S2) , and another one had a JMML-like myeloproliferative disorder. Of note, JMML and JMML-like myeloproliferative disorders (MPDs) are particularly related to NS and to somatic changes in RASopathy genes, including NRAS. 30, 31, [41] [42] [43] Also, for the stillbirth with the variant c.35G4T (p.(Gly12Val), patient 2), we do not have sufficient data to exclude a myeloproliferative disease or other kind of neoplasia.
There is one previously published case report of suggestive germline status for the NRAS variant c.38G4A (p.(Gly13Asp)) in a patient with JMML. 32 The infant who was affected by JMML was reported to have short stature and dysmorphic features reminiscent of NS. In this case, the disease-causing variant was not only in buccal cells and hair bulbs, but also in fibroblasts, suggesting that the alteration was indeed not restricted to hematopoietic tissue. Nevertheless, a mosaic status for this variant cannot be excluded, in principle. Notably, another patient affected by ALPS and no clinical signs of NS was erroneously reported to have the same NRAS variant in the germline, based on the demonstration of this change in DNA from a buccal swab. 44 During follow-up, the change was not retrieved in DNA samples from hair bulbs and a repeat buccal swab, thus disproving the germline status (personal communication JB Oliveira, February 2010) . This is pointing to the difficulties in assessing the germline status of a DNA sequence change, which is also a possible limitation in the data presented here. It is known that hematopoietic cells may migrate and reside in nonhematopoietic tissues, including buccal mucosa and, more surprisingly, finger nails. 45, 46 However, cultured fibroblasts that could be tested in some of the patients are devoid of contamination with hematopoietic cells. 26, 41, 42 Together with the systemic clinical features observed in all our patients, it is likely that NRAS changes affecting Gly12 were indeed of germline origin.
Notably, post-zygotic NRAS variants have also been observed in mosaic RASopathies, including systematized and isolated forms of congenital melanocytic naevi and keratinocytic epidermal naevi. Disease-associated missense variants mainly affect the residues Gly13 and Gln61, but there is at least one observation of the p.Gly12Asp variant in a keratinocytic epidermal naevus. 47 Patient 13, who was found to carry the same variant in the germline, did not show a prominent skin phenotype. The reason for such phenotypic variability with the same change in the mosaic status versus germline is still unclear.
Our findings suggest that clinically obvious RASopathy features constitute the major phenotype caused by activating NRAS variants occurring in the germline, whereas hematological abnormalities do not invariably emerge even in the presence of variants at oncogenic hotspots. Comparing the clinical symptoms recorded in our patients to previously reported cases with disease-causing germline NRAS variants, we generally found high congruency regarding the frequency of clinical findings in various organ systems. Taking together, the clinical data from a total of 37 affected individuals allows us to further delineate the RASopathy phenotype associated with NRAS variants (Supplementary Table S1 ). Cardiac anomalies are present in approximately half of cases, but contrasting to what is generally observed in NS, PST is present in only 14% of patients with NRAS-related disease as compared to 50-60% in the overall NS population. 6 HCM is the most prevalent cardiac finding in our NRAS cohort affecting 29% of individuals. This is a slightly higher percentage than reported in the overall NS population (20%). 6 Septal defects represent the third most common cardiac feature, occurring in 9% of cases with NRAS-related NS. 48 The typical craniofacial appearance is commonly seen and indistinguishable from NS of other aetiologies. Short or webbed neck and ocular ptosis were highly prevalent among patients with NRAS variants (80 and 63%, respectively). Notably, short stature was only present in 42% of patients, which is less frequent than in NS in general. Motor delay is relatively common (39%), while learning disabilities are observed in a similar frequency as in NS of other genetic aetiologies (27%). Cryptorchidism in males and the occurrence of prenatal abnormalities are also quite frequent (63%) and comparable to their general frequency in NS. 6 While all previously reported patients had a clinical diagnosis of NS, three patients in this cohort were diagnosed as having CFCS or CS based on their clinical features. For patient 7, a working diagnosis of CFCS was initially made primarily based on her striking craniofacial features, profound hypotonia, significant developmental delay, and feeding issues. In addition to the NRAS variant, she was found to have a 1.24 Mb duplication on chromosome 22q11.23, corresponding to the region between LCR-F and LCR-H, whose de novo occurrence could not be confirmed. Similar 22q11.23 duplications have been found in individuals with variable clinical features, including muscular hypotonia, developmental delay, and seizures, with de novo occurrence but also inherited from apparently healthy parents. 49, 50 It is therefore possible that this copy number change might contribute to the severity of the developmental phenotype and some atypical features described in this patient. Similarly, patient 11, who carried the c.149C4T (p.(Thr50Ile)) variant, was clinically classified as having CFCS because of significantly delayed motor development, mild intellectual disability (IQ of 65), and prominent ectodermal abnormalities (keratosis pilaris, multiple nevi, sparse eyebrows and curly, sparse hair). Of note, the same disease-causing variant had previously been reported in patients with a NS phenotype and no or only mild developmental problems. 22, 25 Patient 12 (c.34G4C, p.(Gly12Arg)) showed severe perinatal complications typically seen in newborns with CS, including polyhydramnios, neonatal hyperinsulinemic hypoglycemia, severe feeding difficulties, and respiratory problems. Furthermore, she had deep palmar and plantar creases and a tumour-like lesion of unknown aetiology in the hypothalamus. Her motor development was delayed. This constellation prompted the diagnosis of CS, but the patient was very young at last follow-up and the phenotype may still change with age.
Considering the relatively severe expression of NS in patient 1 (c.34G4A, p.(Gly12Ser)) and patient 13 (c.35G4A, p.(Gly12Asp)), the CS-like neonatal presentation in patient 12 (c.34G4C, p.(Gly12Arg)), and intrauterine death of patient 2 (c.35G4T, p.(Gly12Val)), it is tentative to speculate that this may be related to the more severe functional impact of these variants at Gly12. Among these, the p.(Gly12Val) change that was associated with intrauterine death is the most common oncogenic variant at codon 12 in NRAS and demonstrated to represent the strongest effect on downstream signalling, while the others have somewhat weaker activating potential. 35, 36 Similarly, gradual differences in the phenotypic severity have also been proposed for different CS-associated HRAS variants affecting Gly12. 51 Regarding clinical management, it has to be considered that changes in NRAS corresponding to CS-associated HRAS changes may also share a similar risk of malignancy as seen in CS. However, the number of patients is still limited and the observation period for the patients reported here was too short to draw definite conclusions about possible genotype-phenotype correlations.
In summary, we have presented the largest cohort to date of patients with disease-causing germline NRAS variants and their association with the typical clinical phenotype of RASopathies. We showed that alterations affecting Gly12 might be compatible with life when occurring in the germline. This is comparable to the germline variant spectrum previously documented in HRAS, 37 but different to the one in KRAS, where RASopathy-associated germline variants and somatic changes occurring in cancer hardly overlap. 52 Our findings emphasize the obvious RASopathy phenotype associated with activating germline NRAS variants, thus challenging the germline status of oncogenic NRAS changes in previous reports with hematological phenotypes only. More data is required to ascertain the risk of malignancy in patients with oncogenic NRAS variants in the germline.
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